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SPECIFICATION 

METHOD OF ANALYZING COMPONENTS OF ALVEOLAR BREATH 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The field of the present invention is methods relating to the analysis of alveolar 
breath as it is expired. 

2. Background 

[0002] Most human adults have a lung capacity of approximately 5-6 liters. Of this 
capacity, approximately only 0.3 liters is involved with the exchange of gases between 
blood and breath which takes place in the alveoli. Within this 0.3 liters, called the 
alveolar breath, oxygen and nitrogen dioxide rapidly diffuse across the epithelial 
membrane separating blood from breath due to concentration gradients existing 
between the blood and breath. As a result, the concentration of many gaseous 
constituents in the alveolar breath closely reflect the partial pressure of the same 
constituents in blood. 

[0003] Also present in alveolar breath are trace concentrations of molecules that are 
small enough to diffuse through the epithelial membrane. Some of these molecules 
have been shown to be indicative of disorders such as diabetes, lung cancer, and renal 
failure. Furthermore, depending on the severity of the disorder, such molecules may be 
present in alveolar breath in the parts per billion range (ppb) or in the parts per trillion 
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range (ppt). Measurement of these trace components is therefore desirable for the 
early diagnosis of these disorders. 

[0004] Measuring the concentration of these trace components in alveolar breath as 
the breath is expired requires determining when alveolar breath is present and being 
able to detect extremely minute amounts of the trace component. During respiration, of 
the six liter total lung capacity, only 0.5 liters (called the tidal volume) is exchanged with 
the ambient atmosphere. However, this 0.5 liters is not the only constituent of a 
normally expired breath. The first part of expired breath consists essentially of air from 
the mouth, nose, and upper respiratory tract. The next part of expired breath consists 
essentially of air from the bronchi and lower respiratory tract. Neither of these first two 
parts of expired breath includes gases that are exchanged with blood. Therefore, the 
concentration of a particular gas in either of these two parts does not necessarily reflect 
the partial pressure of that gas in the blood. The third and last part of expired breath 
consists essentially of alveolar breath. Alveolar breath is included in the 0.5 liters of 
tidal volume and contains gases that are exchanged with blood. Thus, the 
concentration of a gaseous component in alveolar breath closely reflects the partial 
pressure of that component in the blood. 

[0005] Methods that are commonly employed to ensure that concentration 
measurements are being taken only from alveolar breath when it is expired are 
disclosed in U.S. Patent No. 5,971,937 to Ekstrom. In general, Ekstrom discloses a 
method and device for measuring the concentrations of alcohol and carbon dioxide on 
expired breath using infrared spectrometry. In Ekstrom, the concentrations of alcohol 
and carbon dioxide in expired breath are periodically measured during expiration. 



LA-201 242.2 



2 




Express Mail No. EL^^21 834US W Patent 

260/289 

Differences in the method disclosed in Ekstrom arise in determining when alveolar 
breath is present. When alveolar breath is determined to be present, the concentration 
measurements taken for alcohol are accepted as measurements that reflect the partial 
pressure of alcohol in the blood. All other alcohol concentration measurements are 
discarded as not reflecting blood alcohol levels. 

[0006] A first method disclosed in Ekstrom relies on the volume of breath expired to 
identify the alveolar breath component of the expired breath. This method assumes that 
after a certain volume of breath has been expired, alveolar breath is subsequently 
expired and available for analysis. Breath volume, however, is not a reliable indicator of 
alveolar breath because breathing patterns and lung capacities vary between 
individuals. Additionally, the breathing pattern of a single individual may easily vary 
from breath to breath. Thus, because breath volume can vary so widely, it cannot be 
reliably used to identify alveolar breath during expiration. 

[0007] A second method disclosed in Ekstrom relies on a predetermined amount of 
time passing before taking measurements of what is presumed to be alveolar breath. 
However, time is also not reliable to identify alveolar breath during expiration for the 
same reasons that volume is not reliable. Due to wide variations in breathing patterns, 
the expiration of alveolar breath cannot be accurately determined based upon the 
assumption that alveolar breath is expired after an individual exhales for a certain period 
of time. 

[0008] A third method disclosed in Ekstrom is intended to eliminate false positive and 
false negative measurements of breath alcohol concentrations. Briefly, from the 
periodic alcohol and/or carbon dioxide concentration measurements, a change, or delta, 
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in the concentrations is calculated between successively measured concentrations of 
each component. The delta is compared to a predetermined value to locate a plateau in 
the concentration level(s). The plateau is an indicator of the presence of alveolar 
breath. Once the plateau is detected, the alcohol concentration measurement taken at 
or near the time of the last carbon dioxide concentration measurement is accepted as a 
measurement of the concentration of alcohol in alveolar breath. 
[0009] In the fourth method disclosed in Ekstrom, the concentration of carbon dioxide 
is compared to one or more predetermined values, the values establishing minimum 
and maximum concentration levels in normally expired breath. The minimum and 
maximum concentration levels are used to screen out inaccurate alcohol concentration 
measurements, which might result from hyper- or hypo-ventilation prior to expiring the 
breath being analyzed. If the carbon dioxide concentration falls within the specified 
minimum and maximum values, then the alcohol concentration measurement is 
accepted as an accurate reflection of alcohol in the alveolar breath. 
[0010] In performing the method disclosed in Ekstrom, much data are taken that are 
duplicative or not needed for the concentration determination of alcohol in alveolar 
breath. For example, if the concentrations of both alcohol and carbon dioxide are 
monitored to detect the plateau, then one of the concentration measurements is 
redundant. Additionally, where every carbon dioxide concentration measurement must 
be compared to the threshold to identify alveolar breath, for those measurements that 
do not fall within the targeted thresholds, the corresponding alcohol measurements are 
useless and thus must be discarded. 
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[0011] Thus, an improved method of identifying and analyzing alveolar breath is 
needed. Such a method should enable alveolar breath to be detected and analyzed in 
a quick and straightforward manner without taking redundant or useless measurements. 
The method should also be flexible to accommodate the differences in the breathing 
patterns among different individuals and the breathing patterns of a single individual 
over several breaths. 



SUMMARY OF THE INVENTION 
[0012] The present invention is directed to a method for analyzing alveolar breath as 
it is expired. In a first separate aspect of the present invention, breath is expired 
through an analysis chamber. The concentration of a first component of the breath is 
continuously monitored as the breath passes through the chamber. The measured 
concentrations of the first component are used to determine when alveolar breath is 
present in the analysis chamber. Once alveolar breath is determined to be in the 
analysis chamber, one or more concentration measurements of a second component of 
the breath are triggered. 

[0013] The first component is chosen such that its relative concentration allows 
discrimination between non-alveolar breath and alveolar breath. This method thus 
provides more efficient detection of the presence of alveolar breath and enables quick 
and accurate measurements of the concentration of the second component, while at the 
same time having the flexibility to adapt to different breathing patterns. 
[0014] In a second separate aspect of the present invention, the first component may 
be carbon dioxide, oxygen, or water vapor. 
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• [0015] In a third separate aspect of the present invention, each of the measured 
concentrations of the first component is compared to a threshold concentration to 
determine when alveolar breath is present in the analysis chamber. The threshold 
concentration may vary depending upon the particular first component being monitored. 
5 Where carbon dioxide is the first component, the threshold concentration preferably 
includes relative concentrations equal to or greater than 3.5%, and more preferably 
equal to or greater than 4.5%. 

[0016] In a fourth separate aspect of the present invention, the threshold 
concentration is based upon a previous concentration measurement of the first 
ffl component from a previous breath, preferably the immediately previous breath. Thus, 



M= the threshold concentration may be varied. 



[0017] In a fifth separate aspect of the present invention, a laser is employed to 



MP al 

measure the concentrations of the first and/or second components. Light having a first 



wavelength, corresponding to an absorption feature of the first component, and a 



ft-5 second wavelength, corresponding to an absorption feature of the second component, 



H is employed. The light at the first wavelength and the light at the second wavelength 
may travel separate and distinct paths or substantially similar paths within the analysis 
chamber. Where the latter option is employed, the light at the first and second 
wavelengths may be multiplexed into a single optical path prior to entering the analysis 

20 chamber. 

[0018] In a sixth separate aspect of the present invention, the second component 
may be ammonia, nitric oxide, carbon dioxide, or an element selected from the chemical 
groupings of alcohols, alkanes, or ketones. 
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[0019] In a seventh separate aspect of the present invention, any of the foregoing 
aspects may be employed in combination. 

[0020] Accordingly, it is an object of the present invention to provide a method for 
analyzing alveolar breath as it is expired. Other objects and advantages will appear 
hereinafter. 



BRIEF DESCRIPTION OF THE DRAWINGS 
[0021] In the drawings, wherein like reference numerals refer to similar components: 

Figure 1 is a logic diagram showing the operational process of the alveolar 
breath analyzing method in accordance with a preferred embodiment; 

Figure 2 is a graphical approximation of the carbon dioxide content in expired 
breath over time; 

Figure 3 is a side sectional view of a first apparatus, which may be employed in 
performing the alveolar breath analysis method; 

Figure 4 is a side sectional view of a second apparatus, which may be employed 
in performing the alveolar breath analysis method; 

Figure 5 is a side sectional view of a third apparatus, which may be employed in 
performing the alveolar breath analysis method; and 

Figure 6 is a side sectional view of a fourth apparatus, which may be employed in 
performing the alveolar breath analysis method. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
[0022] Turning in detail to the drawings, Figure 1 is a flowchart illustrating the method 
of the present invention in accordance with a preferred embodiment. A single breath or 
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a series of breaths are expired through an analysis chamber. The analysis chamber 
preferably has a small volume compared to the tidal volume of breath in an average 
individual. For example, since the average tidal volume is approximately 500 ml, the 
analysis chamber preferably has a volume of approximately 150 ml. The volume of the 
analysis chamber, however, may be smaller or larger depending on the lung capacity 
and alveolar breath expiration volume of the individual expiring into the analysis 
chamber. 

[0023] As breath passes through the analysis chamber, the concentration of a first 
component is monitored to determine when alveolar breath is being expired. The first 
component may be any element or molecule shown to have a concentration profile in 
expired breath that enables the identification of alveolar breath. In Figure 1, for 
purposes of example, the first component is carbon dioxide. Other elements or 
molecules may be monitored as the first component, including, for example, water vapor 



ru and oxygen. 



j?5 [0024] The concentration of the first component is preferably monitored using a first 



spectrometer, although other techniques of monitoring the concentration of a gaseous 
component may also be employed. When the first component is carbon dioxide, the 
spectrometer preferably operates in the infrared spectrum. When other molecules are 
used as the first component, it may be desirable to have the spectrometer operate at 
20 other wavelengths, such as in the UV spectrum, visible spectrum, or near-infrared 
spectrum. The first spectrometer may employ any spectroscopy technique that is 
suitably sensitive to the levels of the first component in alveolar breath and has a 
response time that is fast enough to measure expired breath as the breath passes 
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through an analysis chamber. Such spectroscopy techniques include, but are not 
limited to, absorption spectroscopy, photoacoustic spectroscopy, and cavity ring-down 
spectroscopy. 

[0025] The first spectrometer may employ any light source that emits light at a 
wavelength that overlaps an absorption feature of the first component. Acceptable light 
sources emitting light in the infrared spectrum include, but are not limited to, halogen or 
tungsten lamps, laser diodes, or carbon dioxide lasers. If the light source used emits a 
broad spectrum, a wavelength filter is placed between the light source and the analysis 
chamber to pass light in a narrow spectrum that overlaps an absorption feature of the 
first component. When monitoring carbon dioxide as the first component, for example, 
the light used for the absorption measurement preferably overlaps an absorption feature 

■ 

of carbon dioxide, such as one of the many absorption transitions near the 2.0 jim 
wavelength. The operation and functionality of spectrometers are well known in the art, 
therefore the operation of the first spectrometer is only briefly addressed below. 
[0026] Figure 2 graphically represents an approximation of the carbon dioxide 
concentration profile in expired breath over time. Alveolar breath is approximately 
represented in Figure 2 where the concentration profile curve extends above the 
threshold represented by the dashed line. This threshold between non-alveolar breath 
and alveolar breath may vary from person to person, but for carbon dioxide it ranges 
from approximately 3.5% to 5.5% relative concentration or more at 1 atm of pressure of 
the expired breath. 

[0027] Thus, in the case of carbon dioxide and other elements or molecules with 
similar concentration profiles, the expired breath is monitored to determine when the 
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measured concentration exceeds the threshold. At this point, alveolar breath is present 
in the analysis chamber and analysis of the alveolar breath may proceed. However, for 
oxygen and other elements or molecules having concentration profiles that are 
approximately the inverse of carbon dioxide, alveolar breath is present when the 
concentration drops below the threshold. 

[0028] Returning to Figure 1 , once the concentration of the first component indicates 
alveolar breath is being expired through the analysis chamber, the first spectrometer 
triggers at least one measurement of the concentration of a second component. Where 
multiple measurements of the second component are desired, measurements may 
continue until the concentration of the first component indicates that alveolar breath is 
no longer present in the analysis chamber. The second component may be any 
element or molecule contained in expired breath. Examples include ammonia, nitric 
oxide, carbon dioxide isotopes or molecules from chemical groups such as alcohols, 
alkanes, or ketones. 

[0029] The concentration of the second component is preferably performed using a 
second spectrometer, although other techniques of monitoring the concentration of a 
gaseous component may also be employed. The first and second spectrometers are 
appropriately coupled to allow the first spectrometer to trigger the operation of the 
second spectrometer as described herein. As with the first spectrometer, the second 
spectrometer may use light in any appropriate spectrum, depending upon the 
absorption features of the second component, it may employ any appropriate 
spectroscopy technique, and it may employ any appropriate light source. 
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[0030] If the second component is expected to have only trace concentration levels, a 
laser spectrometer is preferably employed to achieve greater sensitivity. For even 
greater sensitivity, the methods taught in U.S. Patent Application No. 09/812,067, filed 
March 19, 2001, the disclosure of which is incorporated herein by reference, may be 
utilized. When measuring the concentration of ammonia as the second component, for 
example, the light used for the absorption measurement preferably has a wavelength 
that overlaps an absorption feature of ammonia, such as one of the transitions near the 
1532 nm wavelength. Except as noted, the second spectrometer may function in the 
same manner as the first spectrometer. 

[0031] While the concentration of the second component is being measured, the 
monitoring of the concentration of the first component continues. Therefore, if carbon 
dioxide is the first component and alveolar breath is in the analysis chamber, when the 
concentration of carbon dioxide drops below the threshold alveolar breath is no longer 
present in the analysis chamber and concentration measurements of the second 
component are discontinued. Thus, the second spectrometer only measures the 
concentration of the second component while alveolar breath is present in the analysis 
chamber. 

[0032] The threshold concentration value may be static or variable. A static threshold 
is set once at a particular level based upon the concentration profile of the first 

* 

component and left at that level for subsequent breaths. Alternatively, the threshold 
may be variably dependent on the concentration profile of previously expired breaths, 
and preferably the threshold is dependent upon the concentration profile of the 
immediately previous expired breath. The process by which the threshold is adjusted 
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may vary from simple to complex mathematical algorithms. For example, a simple 
adjustment may be made to the threshold by determining the highest (or lowest if the 
concentration profile warrants) relative concentration measured and subtracting (or 
adding) 0.5%. Thus, if the highest concentration of carbon dioxide measured was 5.5%, 
the new threshold would be set at 5.0%. Other more complex adjustments to the 
threshold are also contemplated. In this manner, the threshold is made flexible and can 
be adjusted to accommodate changes in breathing patterns. 

[0033] In addition to measuring the concentration of the second component, the 
method may be easily adapted to simultaneously measure more than a single 
component in alveolar breath. Such may be accomplished, for example, by including 
additional spectrometers operating at appropriate wavelengths for the components 
being measured, each of which is triggered by the first spectrometer. Other methods of 
simultaneously measuring multiple components in alveolar breath are also 
contemplated. 

[0034] Figure 3 illustrates one embodiment of an apparatus that may be employed to 
perform the alveolar breath analysis described herein using absorption spectroscopy. 
The analysis chamber 1 1 includes an inlet 13 and an outlet 15 to allow expired breath to 
pass. First and second spectrometers 17, 19 are operatively connected to the analysis 
chamber 11 and communicably coupled to each other. The first spectrometer 17 
includes a light source 21, a wavelength selector 23, and a light detector 25. Light from 
the source 21 is directed through the wavelength selector 23, into the analysis chamber 
1 1 , and towards the light detector 25. The wavelength selector 23 passes a wavelength 
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that corresponds to an absorption feature of the first component. The wavelength 
should be selected as one that is not absorbed by the second component. 
[0035] The light detector 25 periodically measures the power of the light after it has 
passed through the analysis chamber 1 1 . The sampling rate of the light detector 25 
may be adjusted to achieve the desired time response in detecting the presence of 
alveolar breath. Preferably, the power of the light is sampled approximately once every 
one-tenth of a second. Alternatively, the sampling rate may be made dependent on the 
breathing rate of the individual breathing into the collector. For example, during a first 
expiration into the analysis chamber 11, the individual's breathing rate, based on a 
single breath cycle, is measured. Thereafter, for each subsequent breath the sampling 
rate is a predetermined fraction of the previously measured breath rate. Additionally, 
the rate of each expired breath may be monitored, thus allowing the sampling rate to be 
adjusted for each subsequent breath. Adjustments to the sampling rate provide the 
breath analysis method with the adaptability to accommodate changes in breathing 
patterns. 

[0036] The power of the light measured at the light detector 25 is converted into a 
concentration measurement by a logic processor 27 included with the first spectrometer 
17. Converting the power measurement into a concentration of the first component 
requires initializing the logic processor 27 by taking power measurements when the 
analysis chamber 1 1 does not contain expired breath and when the analysis chamber 
1 1 contains a known concentration of the first component. Initialization need not be 
done prior to every use of the apparatus if the first spectrometer 17 includes a memory 
in which the initialization values may be stored. Once the logic processor 27 is 
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initialized, the concentration of the first component of expired breath may be determined 

4 

according to the following equation: 

P -P 

Concentration = constant * — , 

where Po is the power measurement when the analysis chamber does not contain 
5 expired breath and Pi is the power measurement when expired breath is passing 
through the analysis chamber. The constant term is determined by using the power 
measurement from a known concentration of the first component and solving for the 
constant. 

£ [0037] The logic processor 27 of the first spectrometer 1 7 is communicably connected 



at) to a logic processor 29 included with the second spectrometer 19 so that when alveolar 



breath is detected, the first spectrometer 17 may trigger the second spectrometer 19 to 
begin measuring the concentration of the second component. The second 



* spectrometer 19 additionally includes a light source 31 , a wavelength selector 33, and a 



£ light detector 35. The wavelength selector of the second spectrometer 19 passes light 



!T$ at a wavelength that corresponds to an absorption feature of the second component. If 

533 

the wavelength at which the second infrared spectrometer operates is also absorbed by 
the first component, then the concentration of the first component measured by the first 
spectrometer 17 is used to offset the absorption measurement of the second 
spectrometer 19. In other respects, the second spectrometer 19 is operated in the 
20 same manner as described in connection with the first. 

» 

[0038] Figure 4 illustrates a second embodiment of an apparatus that may be 
employed to perform the alveolar breath analysis method described herein using 
absorption spectroscopy. The analysis chamber 11 again includes an inlet 13 and an 
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outlet 15. The first spectrometer 17 comprises a laser diode 37 emitting light at a first 
wavelength that corresponds to an absorption feature of the first component. For 
purposes of example, this first wavelength may be near 2.0 jim for measuring carbon 
dioxide. Those skilled in the art will recognize that any type of laser may be utilized so 
long as it emits light at a wavelength that is absorbed by the first component. Again, 
however, the chosen first wavelength should not be absorbed by the second 
component, unless methods to distinguish the interfering signal are employed. 
[0039] The second spectrometer comprises a laser diode 39 emitting light at a 
second wavelength that corresponds to an absorption feature of the second component. 
For purposes of example, this second wavelength may be near 1 .5 jim for measuring 
ammonia. If the light at the second wavelength is also absorbed by the first component, 
then the concentration measurement performed by the first system may be used to 
subtract out the background absorption caused by the first component at the second 
wavelength. Again, those skilled in the art will recognize that any type of laser may be 
incorporated into the second spectrometer so long as it emits light at a wavelength that 
is absorbed by the second component. 

[0040] The apparatus illustrated in Figure 4 may be operated in the same manner as 
the apparatus in Figure 3. However, should only trace concentrations of the second 
component be present in the expired breath, other more sensitive concentration 
measurement methods may be employed in conjunction with the apparatus of Figure 4. 
Such methods include, for example, those disclosed in the aforementioned U.S. Patent 
Application No. 09/812,067, filed March 19, 2001. 
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[0041] Figure 5 illustrates a third embodiment of an apparatus that may be employed 
to perform the alveolar breath analysis method disclosed herein using absorption 
spectroscopy. The apparatus in Figure 5 operates in the same way previously 
described in association with Figure 4. The primary difference in the apparatus of 
Figure 5 is that light from the laser sources 37, 39 travel on substantially similar paths 
through the analysis chamber 11. This coincident optical path is accomplished by 
making the paths of the light emitted from each source intersect at a relative angle and 
placing a beam splitter 41 in paths at the point of intersection such that each beam is 
directed into the analysis chamber 1 1 from effectively the same point. After passing 
through the analysis chamber 11, the light is directed to a second beam splitter 43 
which separates the two wavelengths. Each separated wavelength is directed towards 
a detector 25, 35 where the power of each separate beam is measured. 
[0042] Figure 6 illustrates a fourth embodiment of an apparatus that may be 
employed to perform the alveolar breath analysis method described herein using 
absorption spectroscopy. The apparatus in Figure 6 operates in the same way 
previously described in association with Figure 4. The primary difference in the 
apparatus of Figure 6 is that light from each laser is emitted into optical fibers 45, 47. 
The optical fibers 45, 47 guide the light into a multiplexing unit 49, where the light is 
multiplexed into a single optical fiber 51. The single optical fiber 51 guides the 
combined light into the analysis chamber 11. After passing through the analysis 
chamber 11, the light is directed to a beam splitter 43 which separates the two 
wavelengths. Each separated wavelength is directed towards a detector 25, 35 where 
the power of each separate beam is measured. 
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[0043] Thus, an alveolar breath analysis method is disclosed. While apparatuses 
have been described in connection with the alveolar breath analysis method, they are 
meant to serve as examples only for purposes of enabling the inventive concepts 
herein. It should be apparent to those skilled in the art that many more modifications 
and combinations are possible without departing from the inventive concepts herein. 
The invention, therefore, is not to be restricted except in the spirit of the following 
claims. 
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